Abstract.
A systems trial was established in Oct. 2006 to evaluate management practices for organic production of northern highbush blueberry (Vaccinium corymbosum L.). The practices included: flat and raised planting beds; feather meal and fish emulsion fertilizer each applied at rates of 29 and 57 kg · ha L1 nitrogen (N); sawdust mulch, compost topped with sawdust mulch (compost + sawdust), or weed mat; and two cultivars, Duke and Liberty. Each treatment was irrigated by drip and weeds were controlled as needed. The planting was certified organic in 2008. After one growing season, allocation of biomass to the roots was greater when plants were grown on raised beds than on flat beds, mulched with organic mulch rather than a weed mat, and fertilized with the lower rate of N. Plants also allocated more biomass belowground when fertilized with feather meal than with fish emulsion. Although fish emulsion improved growth relative to feather meal in the establishment year, this was not the case the next year when feather meal was applied earlier. After two seasons, total plant dry weight (DW) was generally greater on raised beds than on flat beds, but the difference varied depending on fertilizer and the type of mulch used. Shoots and leaves accounted for 60% to 77% of total plant biomass, whereas roots accounted for 7% to 19% and fruit accounted for 4% to 18%. Plants produced 33% higher yield when grown on raised beds than on flat beds and had 36% higher yield with weed mat than with sawdust mulch. Yield was also higher when plants were fertilized with the low rate of fish emulsion than with any other fertilizer treatment in 'Duke' but was unaffected by fertilizer source or rate in 'Liberty'. Although raised beds and sawdust or sawdust + compost produced the largest total plant DW, the greatest shoot growth and yield occurred when plants were mulched with weed mat or compost + sawdust on raised beds in both cultivars. The impact of these organic production practices on root development may affect the sustainability of these production systems over time, however, because plants with lower root-to-shoot ratios may be more sensitive to cultural or environmental stresses.
The production of highbush blueberry (Vaccinium corymbosum L.) has been increasing rapidly in the United States from 22,932 to 37,816 ha from 2005 to 2012 (U.S. Highbush Blueberry Council, unpublished data), whereas certified organic production has increased from 194 ha in 2003 (Strik and Yarborough, 2005) and 790 ha in 2008 (USDA, 2010) to an estimated 1665 ha in 2011 (Strik, unpublished data) . There has been relatively little research on whether a sustainable and profitable organic production system can be developed for northern highbush blueberry.
Highbush blueberry requires well-drained soil and is often planted on raised beds (Strik, 2007) . Raised beds help prevent saturated soils, reduce compaction, improve internal drainage (Magdoff and Van Es, 2000) , and reduce disease problems such as Phytophthora root rot (Bryla and Linderman, 2007) . Planting on flat ground, on the other hand, is thought to increase soil moisture and reduce soil temperature during the fruiting season, which is beneficial to root growth in southern highbush blueberry (complex hybrids based largely on V. corymbosum and V. darrowi Camp.) (Spiers, 1995) .
Weed management is also critical for economic production in blueberry (Pritts and Hancock, 1992; Strik et al., 1993) . Preemergent and contact herbicides are commonly used in conventional production systems, but chemical options are limited in organic systems. Acetic acid (vinegar) at a concentration of 9% to 20% has been effective at controlling some weeds organically (Fausey, 2003; Young, 2004) . Propane flaming is used to control smaller weeds but may damage the plants, especially during establishment (Granatstein and Mullinix, 2008) . Organic mulches are commonly used in blueberry to help control weeds (Burkhard et al., 2009; Krewer et al., 2009; Sciarappa et al., 2008) , improve blueberry plant growth and yield (Clark and Moore, 1991; Goulart et al., 1997; Karp et al., 2006; Kozinski, 2006; Krewer et al., 2009; Savage, 1942; White, 2006) , root distribution through the soil profile (Spiers, 2000) , and whip and shoot production (Kozinski, 2006; White, 2006) . Douglas-fir (Pseudotsuga menziesii M.) sawdust is a common mulch used in blueberry production in the northwestern United States, but it is expensive (Julian et al., 2011a) and the high initial carbon (C) to N ratio immobilizes N applied from fertilizers (White, 2006) . It is often more difficult and more expensive to compensate for N immobilization with organic fertilizer products.
Weed mat (perforated landscape fabric) is considered an inert mulch (Granatstein and Mullinix, 2008) and is approved for use as a weed barrier by the USDA National Organic Program (USDA-AMS-NOP, 2011). Weed mat has been widely used in orchards as a result of its effectiveness for weed control, although weeds can grow in the area cut for the planting hole, and removal by hand may be required in commercial crops (Runham et al., 2000) . Sciarappa et al. (2008) reported almost complete control of weeds when using weed mat plus a mulch of coffee grinds around the planting area in organic blueberry production in New Jersey. However, soil temperature may increase under the weed mat and thereby reduce plant growth (Neilsen et al., 2003; Williamson et al., 2006) . Magee and Spiers (1995) found that white-on-black polyethylene-based mulches produced greater plant growth and yield than black plastic or black woven fabric mulches in southern highbush cultivars as a result of decreased soil temperature under the more reflective mulches. In Georgia, rabbiteye blueberry (V. virgatum Ait.) established with organic mulches had similar yields to those with weed mat in the first 2 years of establishment To whom reprint requests should be addressed; e-mail strikb@hort.oregonstate.edu. but greater yield in Years 3 to 5 (Krewer et al., 2009) .
Compost may provide many benefits to blueberry production. As compost decomposes, it releases 3% to 10% of total N as mineral N for several years after the initial application (Gale et al., 2006; Sikora and Szmidt, 2001) . Burkhard et al. (2009) found greater growth and yield of highbush blueberry when using seafood compost and manuresawdust compost. Municipal yard debris compost is readily available in many production regions and may be suitable for commercial blueberry production (Costello, 2011) .
Highbush blueberry requires N fertilizer at a rate of 25 to 100 kg · ha -1 N per year for optimum growth and production (Bañados et al., 2012; Chandler and Mason, 1942; Eck, 1988; Griggs and Rollins, 1947; Hanson, 2006; Hart et al., 2006) . Uptake of N fertilizer is most rapid from bloom to harvest (Bañados, 2006; Throop and Hanson, 1997) but continues through the remainder of the growing season (Bañados, 2006) . In 'Bluecrop', fertilizing with ammonium sulfate (50 kg · ha -1 N) produced more growth and fruit production during the first 2 years after planting than unfertilized plants or rates of 100 or 150 kg · ha -1 N (Bañados et al., 2012) . Nitrogen fertilization with different rates of ammonium sulfate also affected biomass accumulation and allocation (Bañados et al., 2012) ; however, the impact of organic fertilizers on blueberry growth and allocation has not been reported.
Organic blueberry farmers commonly use fertilizer products approved by the Organic Materials Review Institute, including fish emulsion or feather meal as sources of N. Fish emulsion is applied as a direct liquid application to the soil of the in-row area or is injected through the drip irrigation system. Feather meal, a granular product, has a very rapid N mineralization rate, converting 30% to 60% of its total N to mineral N in 14 d in moist soil with cumulative mineral N release of 65% to 75% of total N after 70 d (Gale et al., 2006) . Fish fertilizer products also mineralize N rapidly after application to soil. Sullivan et al. (2010) reported equivalent N mineralization rates (58% to 64% of total N converted to mineral N in 28 d) for a variety of fish and feather meal fertilizers.
The objective of the present study was to evaluate the effects of using flat or raised planting beds, three different mulch types, and feather meal or fish emulsion fertilizer on plant growth and early production in a new organic planting of northern highbush blueberry.
Materials and Methods
Study site. A 0.43-ha field of northern highbush blueberry (Vaccinium corymbosum L.) was established in Oct. 2006 on a site in transition to organic production at the North Willamette Research and Extension Center (NWREC; lat. 45°16#47.55$ N, long. 122°45#21.90$ W), Aurora, OR. Winter wheat (Triticum sp.) was planted in the field for at least 10 years before the study. Soil at the site is a Willamette silt loam (fine-silty mixed superactive mesic Pachic Ultic Argixeroll). Organic matter content in the soil averaged 3.7% at planting, and soil pH averaged 4.9. The planting was certified organic by Oregon Tilth (OTCO; Salem, OR) in May 2008.
Site preparation. Buckwheat (Fagopyrun esculentum M.) was seeded at a rate of 67 kg · ha -1 on 30 May 2006, as a pre-plant cover crop, and was incorporated into the soil, before seed head formation, on 26 July 2006. Rows were marked and were sub-soiled once using a three-shank ripper to a depth of 0.4 m followed by three passes with a singleshank ripper to a depth of 0.5 m. Rows were then power-spaded in early September while the soil was still dry. The site was irrigated until the wetting front was 0.3 m deep. A few days later, when the soil was dry, the rows were rototilled to a depth of 0.15 m before using a bed shaper (depending on treatment). Raised beds were 0.31 m high and 0.38 m wide at the top and 1.5 m wide at the base when established but settled to a height of 0.25 m by Fall 2007.
Certified organic grass (Festulolium braunii K.Richt.) was seeded between rows at a rate of 28 kg · ha -1 on 14 Oct. 2006, a standard commercial practice. The between-rowcover crop was kept from encroaching into the rows by spraying the edges with 20% vinegar (acetic acid) solution generally every 3 weeks during the growing season or by edging it using a power string trimmer.
Experimental design. Treatments were arranged in a split-split plot design and included two bed types (one row as a raised bed and one row on flat ground, referred to as a flat bed) as main plots, two types and rates of fertilizer [feather meal (Nature Safe, Cold Spring, KY) and fish emulsion (Fish Agra, Northeast Organics Inc., Manchester-by-the-Sea, MA) each applied at a rate of 29 and 57 kg · ha -1 N] as subplots, and a combination of three mulch types [douglas fir (Pseudotsuga menziesii M.) sawdust; yard debris compost topped with douglas fir sawdust; and weed mat (landscape fabric) with douglas fir sawdust applied over the planting hole cut in the weed mat] and two cultivars (Duke and Liberty) as sub-subplots with five replicates per treatment and seven plants per treatment plot. Plants were spaced 0.75 m apart within plots and 1.5 m apart between plots. The planting had a total of 12 rows spaced 3.0 m apart and included a border row on each side Fig. 1 . Interaction effects of bed type and mulch (A), fertilizer and mulch (B), and cultivar and mulch (C) on total dry weight of 'Duke' and 'Liberty' blueberry after the first growing season. The plants were grown on flat and raised planting beds mulched with sawdust, compost topped with sawdust, or weed mat and were fertilized with feather meal or fish emulsion at low or high rates with 29 and 59 kg·ha -1 nitrogen (N), respectively. Mean ± SE.
(4385 plants/ha). Two-year-old container grown (4 L) plants, a standard commercial size, were transplanted on 9 Oct. 2006. The sawdust mulch was applied 9 cm deep (360 m 3 · ha -1 ; Decorative Bark, Lyons, OR). Any weeds occurring in this mulch were pulled by hand throughout the study. Black weed mat (landscape fabric; water flow rate of 6.8 L · h · m -2 ; 0.11 kg · m -2 ; TenCate Protective Fabrics, OBC Northwest, Inc., Canby, OR) made from woven polypropylene was installed with sawdust mulch covering the 20-cm diameter planting hole area (5 cm deep; 7 m 3 · ha -1 ). Any weeds occurring around the crown area of the plants with weed mat were also pulled by hand. The compost + sawdust mulch included a yard debris compost (4 cm deep; 152 m 3 · ha -1 ; Rexius, Eugene, OR) topped with sawdust (5 cm deep; 200 m 3 · ha -1 ). Weeds were controlled in the compost + sawdust treatment using vinegar (20% acetic acid), propane flaming, and hand-pulling as needed. Vinegar applications were done after 1000 HR on days with no rain and limited wind in 2007-08 (Webber et al., 2005) . A handheld propane flamer was constructed with a 0.20-m diameter head and a 860,000 to 1,505,000 kg · m -1 small gas heater attached to a rod to facilitate spot burning in 2008. In all mulch treatments, the complementary weed control methods were applied if the visual evaluation of weed coverage was greater than 20% in several plots to avoid confounding weed competition with blueberry plants and mulch effects. Costs of weed control methods and associated treatment effects are presented in Julian et al. (2012) .
The compost and sawdust mulches were applied 3 d after planting on 12 Oct. 2006 and did not require replenishment during this study period (through 2008). The weed mat was 1.5 m wide and centered over the planting beds before securing it with landscape staples. The sawdust mulch, soil, and yard debris compost were analyzed for nutrient composition at the beginning of the study (Soil Control Laboratory, Watsonville, CA), as presented by Larco (2010) .
Feather meal (Nature Safe, Cold Spring, KY; 11N-0.6P-0.1K), a granular product, was applied around the base of the plants in two equal applications on 3 Apr. and 16 May in 2007 and 4 Mar. and 22 Apr. in 2008 (plants started to flower in mid-April). Fish emulsion (Fish Agra; Northeast Organics, Manchester-by-the-Sea, MA; 3.6N-0.6P-5.2K) was also applied around the base of the plants, but every 2 weeks from 16 Apr. to 9 July in 2007 and 15 Apr. to 8 July in 2008. To reduce risk of salt damage to the plants, fish emulsion was diluted with 10 parts water before each application. Plants fertilized with feather meal were N-deficient during the first summer after planting as determined by visual observation and leaf analysis (Larco, 2010) and, therefore, were fertilized with an additional 4 kg · ha -1 N of fish emulsion on 28 June and 5 July 2007. The plants ceased to show N deficiency symptoms and leaf analysis results were normal for all treatments by Aug. 2007 (data not shown); the feather meal treatment thus did not require fish emulsion in subsequent years.
Field management. Plants were irrigated using a single line of polyethylene drip tubing (Netafim, Fresno, CA). The tubing had 2 L · h -1 pressure-compensating, inline emitters spaced every 0.3 m. Lines were located along the row near the base of plants and either placed beneath the weed mat or buried under the organic mulches (for consistency among mulch treatments). A second line of drip (located near the base of the plants but on the other side of the row of the first line) was also installed right after planting in weed mat plots in anticipation of possible requirements for additional irrigation to compensate for increased water use associated with higher temperatures in the treatment (Cox, 2009; Neilsen et al., 2003; Williamson et al., 2006) . Irrigation was controlled by electric solenoid valves and an automatic timer set weekly and scheduled based on changes in soil water content (see Larco, 2010, for details) . Rows planted on raised beds or flat ground (main plot effect) could be irrigated independently as could weed mat compared with the organic mulches. All treatment plots were irrigated to maintain a soil water content suitable for highbush blueberry production [25% to 30% soil water content from the soil surface to 0.3 m, based on time domain reflectometry measurements (SoilMoisture Equip. Corp., Santa Barbara, CA)]. Water volume applied through the season was recorded (data not shown; Larco, 2010) .
To maximize vegetative growth during the establishment year, plants were pruned to remove all fruit buds at planting (Strik and Buller, 2005) , a standard commercial practice. In Jan. 2008, after the first growing season, plants were pruned to allow for fruit production in the second growing season, also a standard commercial practice (Julian et al., 2011a) , to balance vegetative growth with expected fruit production. 'Duke' were harvested from 3 July to 23 July and 'Liberty' from 23 July to 13 Aug. 2008. Fruit were harvested by hand every 5 to 7 d and yield per plant was measured. A 25-berry subsample per harvest date was used to determine Fig. 2 . Main effects of fertilizer (A), mulch (B), and cultivar (C) on dry weight ratio of roots (including the crown) to shoots (woody stems) in 'Duke' and 'Liberty' blueberry after the first growing season. The plants were grown on flat and raised planting beds mulched with sawdust, compost topped with sawdust, or weed mat and were fertilized with feather meal or fish emulsion at low or high rates with 29 and 59 kg·ha -1 nitrogen (N), respectively. Mean ± SE.
average berry weight and a seasonal-weighted average calculated. Plant growth. In Fall 2007 and 2008, the number of whips/plant (greater than 0.1 m in height and greater than 3 mm in diameter) was recorded. The area covered by the plant canopy was calculated by measuring plant diameter in two directions and calculating the area of the circle. On 2 Oct. 2007 and 17 Oct. 2008, a single plant per plot was excavated from the soil with a shovel, carefully, to obtain as much of the root system as possible. Soil was removed from the root system using a high-pressure hose and tap water. Plants were separated into roots, crown, leaves, and 1-year and older wood in 2007 and 1-year-old and 2-year and older wood in 2008. Leaves were stored at 2°C for less than 7 d before measurement of total leaf area per plant (LI-3100 leaf area meter; LI-COR, Lincoln, NE). Leaf area index (LAI) was calculated as the ratio of the total leaf area per plant divided by the calculated area occupied by the plant canopy of the plant (measured before excavation). Plant parts were placed in labeled paper bags and dried to a constant weight (3 d) at 60°C using a dryer oven (Fisher Scientific Isotemp oven Model 655F; Montreal, Quebec, Canada).
Total plant dry weight (DW; sum of all plant components), root:shoot ratio [(root DW + crown DW)/DW of all top wood growth without leaves], and the percentage of total DW accounted for by roots, crown, 1-year, 2-year, and older wood were calculated for ''standing'' plant DW in October of each year, just before leaf fall and before winter pruning. The proportion of biomass allocation to roots, crown, wood, and leaves was calculated to determine ''standing biomass allocation'' in October of each year. In 2008, the DW of fruit produced was estimated by multiplying fresh yield by 18% (Strik, unpublished data) . Biomass allocation to reproductive growth was calculated by either adding fruit DW to the standing DW total and determining percent allocation of plant parts (''percentage of standing biomass'') or by determining the annual growth and the percent allocation to fruit (''percentage of annual production'') based on Pritts and Hancock (1985) . Annual growth in 2008 was calculated by summing the DW of parts that grew in 2008 (1-year-old wood, leaves, and fruit) and the increase in crown and root DW from Oct. 2007 to 2008; the proportion of annual DW accumulation allocated to roots, crown, wood, leaves, and fruit (2008) was calculated as the ''annual biomass allocation.'' Because plants were pruned in Jan. 2008 and data on pruning weight were not collected, we could not calculate total growth by subtracting total plant DW in 2007 from total plant DW in 2008.
Statistical analysis. Analysis of all treatment effects on plant growth and allocation of DW was done as a complete factorial for a split-split plot design using the PROC MIXED procedure in SAS software package Version 8 (SAS Institute, Cary, NC). Contrasts were used to compare the effect of fertilizer rate and source and compost type on measured variables. Results for both years were analyzed separately because of differences in plant age in the field and environmental differences between years. Data were log-transformed as needed to improve homogeneity of variance. Orthogonal contrasts were used to compare source (fish vs. feather) and rate (low vs. high) of fertilizer and type of mulch [''organic'' (sawdust and compost + sawdust) vs. weed mat; and sawdust vs. compost + sawdust]. Means were separated at 0.05 level using Tukey's honestly significant difference test. The PROC CORR procedure in SAS was used to determine whether the DW of 1-yearold wood in Fall 2007 was correlated with the DW of fruit produced in 2008.
Results
Plant growth (Year 1). At the end of the first growing season, total plant DW was affected by bed type (P = 0.0143), fertilizer (P < 0.0001), mulch (P = 0.0158), and cultivar (P < 0.0001) as well as by the twoway interactions of bed type · mulch (P = 0.0482), fertilizer · mulch (P = 0.0002), and mulch · cultivar (P = 0.0067). On average, total plant DW was greater with weed mat than with sawdust or compost + sawdust on flat beds but similar among mulch treatments on raised beds (Fig. 1A) . Total plant DW was also greater with weed mat than with sawdust when: 1) plants were fertilized with feather meal but not with fish emulsion (Fig. 1B) ; and 2) in 'Liberty' but not in 'Duke' (Fig. 1C) . Fish emulsion produced 55% more plant DW than feather meal in Year 1 (P < 0.0001), but plant DW was unaffected by the rate of fertilizer application (P = 0.1604).
There was no effect of bed type or mulch on root and crown DW. Greater total plant DW of plants grown on raised beds compared with flat beds was mainly the result of more shoot (P = 0.0010) and leaf (P = 0.0217) growth in the first growing season (data not shown). Although mulch had little impact on total shoot or leaf DW when plants were grown on raised beds, plants mulched with sawdust or compost + sawdust had 16% to 18% less leaf and shoot DW when grown on flat beds (P = 0.0391 and P = 0.0231, respectively; data not shown).
Fertilizer source had a significant impact on shoot (P < 0.0001) and leaf (P < 0.0001) DW but not on root and crown DW. In contrast, fertilizer rate affected crown (P = 0.0003) and root (P = 0.0053) DW. Plants fertilized with fish emulsion had more than twice the leaf DW and 60% more 1-year-old wood DW than those fertilized with feather meal. Crown and root DW were 20% to 22% greater for plants fertilized with the low rate than those fertilized with the higher rate of fish or feather meal (data not shown).
Plants fertilized with feather meal had 28% to 31% less shoot and leaf DW than plants fertilized with fish emulsion when grown with sawdust mulch. In contrast, there was no effect of fertilizer source on shoot and leaf DW when plants were mulched with weed mat. Root DW was less under weed mat than under sawdust mulch when fertilized with the low rate of fish emulsion (data not shown).
On average, 'Liberty' plants produced greater crown (P < 0.0001), shoot (P < 0.0001), and leaf (P < 0.0001) DW but less root DW (P = 0.0013) than 'Duke' plants (data not shown). There was a mulch · cultivar interaction because 'Liberty' plants produced greater top growth (leaves and 1-year-old wood) when mulched with weed mat than with the organic mulches, but there was relatively little effect of mulch type on top growth of 'Duke'. When 'Duke' plants were grown on weed mat, they produced less root growth than when organic mulches were used; this was not the case in 'Liberty' (data not shown).
Standing biomass allocation at the end of the first growing season showed that biomass allocation to roots was greater when plants were grown on raised beds (10%) than on flat beds (9%), when fertilized with feather meal (12%) as compared with fish emulsion (7%), and for 'Duke' (11%) compared with 'Liberty' (8%) (data not shown). These differences were reflected in the ratio between root and shoot dry weight, which was affected by fertilizer (P < 0.0001), mulch (P < 0.0001), and cultivar (P < 0.0001). The root-to-shoot ratio was higher with feather meal than with fish emulsion ( Fig. 2A) , higher with sawdust or compost + sawdust than with weed mat (Fig. 2B) , and higher in 'Duke' than in 'Liberty' (Fig. 2C ). Contrast analysis indicated that the ratio was also higher when lower rates of fertilizer were applied (P = 0.0002).
After the first growing season, annual biomass allocation based on growth or accumulation of dry matter was affected by fertilizer and mulch for each plant part and by cultivar except for the crown (Table 1) . Annual biomass allocation was also affected by several treatment interactions, including fertilizer · cultivar for root growth and fertilizer · cultivar and mulch · cultivar for leaf growth. Both cultivars allocated more biomass to root and crown tissue and less to wood and leaves when fertilized with feather meal than when fertilized with fish emulsion and more biomass to wood and leaves and less to roots and crown when mulched with weed mat compared with either organic mulch ( Table 1) .
The treatment effects on leaf area per plant in Fall 2007 were similar to those reported for leaf DW; leaf area ranged from 1.2 m 2 (low rate of feather meal) to 1.9 m 2 (high rate of fish). There was no treatment effect on LAI, which ranged from 1.6 to 1.8 (data not shown).
The number of whips per plant was affected by mulch (P = 0.0002) and cultivar (P < 0.0001) and the two-way interactions of bed type · fertilizer (P = 0.0026), bed type · mulch (P = 0.0328), and mulch · cultivar (P = 0.0184). Plants fertilized with feather meal produced fewer whips/plant at the low rate when grown on raised beds and at the high rate when ground on flat beds (Fig. 3A) . Mulching with weed mat led to fewer whips/ plant than with the organic mulches, particularly when plants were grown on raised beds (Fig. 3B) . 'Liberty' produced more whips/ plant than 'Duke' and when mulched with compost + sawdust (Fig. 3C) .
Plant growth (Year 2). Total plant DW was also affected by bed type (P < 0.0001), fertilizer (P < 0.0121), and cultivar (P < 0.0001) during after the second growing season and by two-way and three-way interactions, including fertilizer · mulch (P = 0.0008), fertilizer · cultivar (P = 0.0066), bed type · fertilizer · mulch (P = 0.0421), and fertilizer · mulch · cultivar (P = 0.0054). Total plant DW in Year 2 was generally greater on raised beds than on flat beds but the difference varied depending on fertilizer and the type of mulch used (Fig.  4A ). For example, when plants were fertilized Fig. 3 . Interaction effects of bed type and fertilizer (A), bed type and mulch (B), and cultivar and mulch (C) on new whips per plant in 'Duke' and 'Liberty' blueberry after the first growing season. The plants were grown on flat and raised planting beds mulched with sawdust, compost topped with sawdust, or weed mat and were fertilized with feather meal or fish emulsion at low or high rates with 29 and 59 kg·ha -1 nitrogen (N), respectively. Mean ± SE.
with a high rate of feather meal, total DW was greater on raised beds than on flat beds with any mulch, but when plants were fertilized with a high rate of fish emulsion, total DW was only greater on raised beds when the beds were mulched with sawdust. Overall, the largest plants were produced on raised beds fertilized with a low rate of fish emulsion and mulched with sawdust or compost + sawdust (Fig. 4A) . The response to fertilizer and mulch also differed between cultivars at the end of the second growing season, whereby sawdust mulch and a low rate of fish fertilizer produced the greatest plant DW in 'Duke', whereas sawdust or compost + sawdust with a high or low rate of fish, respectively, produced the greatest total DW in 'Liberty' (Fig. 4B ). After two growing seasons (Oct. 2008), the treatment effects on growth of plant parts were similar to those observed the first year with some notable exceptions. Although there was no three-way interaction of fertilizer · mulch · cultivar in 2007, there was one in 2008 for leaf, 1-year-old wood, crown, and root DW. Also, root and crown DW was affected by mulch type by the end of the second growing season. Fertilizer had no effect on 1-year-old wood DW (new shoot growth) in Oct. 2008, but fertilizer source had an effect on 2-year-old wood DW (Table 2) .
Plants fertilized with fish emulsion had the greatest root DW when mulched with compost + sawdust and the least when mulched with weed mat. In contrast, those fertilized with the high rate of feather meal had the greatest root DW under weed mat ( Table 2) . The greatest root DW in 'Duke' was found in plants fertilized with the low rate of fish emulsion and mulched with sawdust, whereas this treatment combination produced one of the lowest root DWs in 'Liberty'. 'Duke' plants had the least root growth when mulched with weed mat and fertilized with the high rate of fish.
Crown DW was lower for plants mulched with weed mat than with sawdust or compost + sawdust. Also, when weed mat was used, crown DW was reduced when plants were fertilized with fish emulsion, especially at the high rate, as compared with feather meal (Table 2 ). In 'Liberty', one of the greatest crown DWs was found in plants fertilized with the high rate of fish and mulched with sawdust; in contrast, this treatment combination produced one of the lowest crown DWs in 'Duke'.
After the second growing season, plants growing on raised beds still produced more new growth (1-year-wood and leaf DW) than those grown on flat beds (Table 2 ). In 'Liberty', the greatest new top growth was found in plants mulched with sawdust and fertilized with the high rate of fish emulsion and the least in the weed mat plus low rate of fish emulsion treatment combination. In 'Duke', there was less difference among treatments for top growth, but plants grown with sawdust mulch and fertilized with the low rate of fish tended to have the greatest top DW, whereas those grown with weed mat and fertilized with the high rate of fish had the least.
At the end of the second growing season, 'Liberty' allocated proportionally less standing biomass to roots (12%), but more to the crown (13%) and 1-year-old wood (18%) than did 'Duke' (14%, 10%, and 17%, respectively).
The treatment effects on leaf area per plant in Fall 2008 were similar to those reported for leaf DW (Table 2) ; leaf area was affected by bed type (P = 0.0022), mulch (P < 0.0001), fertilizer (P = 0.0051), fertilizer source (P < 0.0001), fertilizer rate (P = 0.0064), and cultivar (P = 0.0011) and the interactions of bed type · mulch (P = 0.0113), fertilizer · mulch (P = 0.0051), and fertilizer · mulch · cultivar (P = 0.0439) and ranged from 1.0 to 3.0 m 2 /plant. Unlike the first growing season, there was a significant effect of bed type (P = 0.0115) and fertilizer source (P < 0.0001) and the three-way interaction of bed type · fertilizer · mulch (P = 0.0249) on LAI. Leaf area index almost doubled from the first to the second growing season, averaging 3.2 in Oct. 2008.
The number of whips/plant in the second growing season was similar to what was observed in 2007 and was affected by fertilizer (P = 0.0010), fertilizer source (P < 0.0001), mulch (P = 0.0033), and cultivar (P < 0.0001) and the two-way interaction of fertilizer · cultivar (P = 0.0276). Although 'Duke' plants produced a similar number of whips/plant regardless of fertilizer source, 'Liberty' produced the highest number of whips/plant when fertilized with feather meal and the lowest with fish emulsion (Fig. 5A ). Plants mulched with weed mat produced fewer whips/plant than those mulched with sawdust or compost + sawdust (Fig. 5B) .
Early fruit production. Total yield during the first year of fruit production in 2008 was affected by bed type (P = 0.0163), fertilizer (P < 0.0001), mulch (P < 0.0001), cultivar (P < 0.0001), and the interaction between cultivar and fertilizer (P < 0.0001). On average, plants produced 33% higher yields on raised beds than on flat beds (Fig. 6A) . 'Duke' also produced higher yields with a low rate of fish emulsion than with any other fertilizer treatment; however, yield was not significantly affected by fertilizer source or rate in 'Liberty' (Fig. 6B ). Plants also produced 36% higher yield with weed mat than with sawdust mulch (Fig. 6C) . The DW of 1-year-old wood/ plant in Oct. 2007 was correlated with fruit DW/plant in 2008 (data not shown; r 2 = 0.413; P < 0.0001).
Fruit were large at harvest and, depending on treatment, had an average weight of 1.9 to 2.3 g/berry. Berry weight was affected by bed type (P = 0.0018), fertilizer (P = 0.0069), and cultivar (P < 0.0001) and several two-way interactions, including fertilizer · mulch (P = 0.0336), fertilizer · cultivar (P = 0.0026), and mulch · cultivar (P < 0.0001). Plants generally Fig. 4 . Interaction effects of bed type, fertilizer, and mulch (A) and cultivar, fertilizer, and mulch (B) on total dry weight of 'Duke' and 'Liberty' blueberry after the second growing season. The plants were grown on flat and raised planting beds mulched with sawdust, compost topped with sawdust, or weed mat and were fertilized with feather meal or fish emulsion at low or high rates with 29 and 59 kg·ha -1 nitrogen (N), respectively. Mean ± SE.
produced larger and heavier fruit on raised beds than on flat beds (Fig. 7A) . 'Duke', however, produced lighter fruit when fertilized with a high rate of fish emulsion compared with a low rate of fish emulsion or either rate of feather meal (Fig. 7B) . Mulch effects on berry weight were complex as a result of differences in yield/plant (Fig. 6C ), but berry weight was reduced with weed mat compared with either organic mulch in 'Duke'; in contrast, weed mat increased berry weight in 'Liberty' compared with either organic mulch (Fig. 7C) . Biomass allocation. Annual biomass accumulation, in the second growing season, continued to be affected by fertilizer, mulch, and cultivar and/or interactions among them in each plant part, including fruit (Table 3) . Plants allocated more biomass to root and crown tissue than to wood and leaves when fertilized with feather meal (Table 3) . More biomass was allocated to fruit in 'Duke' when fertilized with fish emulsion (Table 3) . Plants also allocated more biomass to fruit when mulched with weed mat than when mulched with either organic mulch but no longer allocated more biomass to wood and leaves with weed mat (Table 3) . Annual biomass production in 2008, including fruit and leaves, averaged 2420 kg · ha -1 DW.
When calculated as a percentage of standing biomass, allocation to fruit averaged 6% in 'Duke' and 8% in 'Liberty' (data not shown). Plants grown on weed mat allocated less biomass to the roots and 1-year-old wood but more to the 2-year-old wood than those grown on sawdust or compost + sawdust. Allocation of biomass to the root system decreased with fertilizer rate (14% at low rate to 12% at high rate) and when fish emulsion was used (11%) compared with feather meal (15%); the same pattern of response was observed in allocation to the crown. Root-to-shoot ratios were higher with feather meal than with fish emulsion, but there was greater difference in flat beds than in raised beds (Fig. 8A) . After the second growing season, root-to-shoot ratios were no longer consistently higher with sawdust or compost + sawdust mulch than with weed mat (Fig. 8B) . Table 2 . The effect of bed type, mulch, and fertilizer source and rate on the dry weight of plant parts of 'Duke' and 'Liberty' highbush blueberry on 17 Oct. 2008, after the second growing season (n = 5). Low fish  91  65  90  192  192  130  108  131  282  244   High fish  85  79  111  206  246  91  90  160  292  308  Low feather  101  104  116  147  181  107  124  131  173  195  High feather  112  65  98  166  182  92  89  110  170  204  Sawdust  Low fish  134  113  125  227  262  77  114  142  240  237  High fish  72  45  83  201  242  103  106  193  239  322  Low feather  115  66  106  146  159  114  101  121  122  161  High feather  80  63  94  114  140  82  88  109  119  158  Weed mat  Low fish  87  54  79  223  182  81  95  110  302  245  High fish  33  30  70  171  187  101  74  186  340 Sawdust vs. compost 0.7951 0.8234 0.1412 0.0859 0.5190 z Fish emulsion and feather meal were applied at a low (29 kg·ha -1 ) or high (57 kg·ha -1 ) rate. y Bold font is used to designate values with P < 0.05.
Discussion
Planting on raised beds improved aboveground growth relative to flat beds but had no effect on belowground growth after two growing seasons. Although raised beds may help prevent saturated soils, reduce compaction, and improve internal drainage (Magdoff and Van Es, 2000) , we did not measure improved root and crown growth (DW) after two growing seasons on raised beds compared with flat beds. Improved top growth and higher yields in the second growing season may have been associated with higher photosynthetic rates found in blueberries grown on less saturated soil (Davies and Flore, 1986) . In our study, higher yields were associated with a greater aboveground growth (more growth in 2007 was correlated with higher yield in 2008) and a 10% increase in berry weight on raised beds compared with flat beds. The larger canopies and greater leaf area of plants grown on raised beds may have increased photosynthesis and availability of carbohydrates for berry growth (Valenzuela-Estrada, 2008) .
Fish emulsion fertilizer also improved plant growth in the study relative to feather meal during the first season. This likely happened because the first application of feather meal, applied on 3 Apr., was not thoroughly washed into the root zone as a result of little rainfall that spring (72 mm of rainfall from 3 Apr. to 16 May 2007) . Growth was also less with feather meal when plants were mulched with sawdust. Sawdust immobilizes N from conventional granular fertilizers (White, 2006) . In our study, sawdust mulch, which had a high C:N ratio (Larco, 2010) , likely immobilized more N with feather meal, a granular product applied twice, than with fish emulsion applied as a liquid in seven equal applications. Although a low rate of fish emulsion was applied to feather meal plots in June 2007 to improve plant nutrient status (Larco, 2010) and prevent plant loss, it was clear that by the end of the first growing season, the additional fertilizer did not lead to as much plant growth in feather meal plots as the fish emulsion treatments alone. Young blueberry plants have been shown to take up fertilizer N early in the season (Bañados et al., 2012) , and it is likely that insufficient N was available in the feather meal treatments early on.
Although fish emulsion improved growth relative to feather meal in the establishment year, this was not the case in the second growing season. Feather meal was applied a month earlier the second year and spring rainfall was more abundant. Fertilizer source did not affect new shoot growth the second year but did affect DW of 2-year-old wood, which undoubtedly was a carryover effect from the previous year.
Plants fertilized with fish emulsion allocated less standing and annual biomass to roots and had lower root-to-shoot ratios than those fertilized with feather meal, especially when grown on weed mat. Less biomass was allocated to roots for plants grown with weed mat compared with either organic mulch after the second growing season. After both growing seasons, plants grown with weed mat had a lower root-to-shoot ratio than those grown with either organic mulch. Use of organic mulches has been shown to improve top growth in blueberry compared with no mulch or bare ground with weed control (Clark and Moore, 1991; Goulart et al., 1997; Pliszka et al., 1993; Savage, 1942; White, 2006) . Krewer et al. (2009) also found an improvement of top growth with weed mat compared with organic mulches. Although organic mulches have been shown to improve root growth and distribution relative to bare soil in blueberry (Spiers, 1986; White, 2006; Wu et al., 2006) , no work has been published until now on the impact of weed mat on blueberry root growth. Although the compost + sawdust mulch increased weed presence and weed control costs relative to sawdust mulch alone (Julian et al., 2012) , weeds were controlled in all treatments allowing for a comparison of the effect of the mulches studied on blueberry growth and yield.
The reduction in root DW under weed mat, particularly in 'Duke', may have been a result of elevated soil temperatures (5°C higher at 5-cm depth under weed mat vs. organic mulches on raised beds; Larco, 2010) or as a result of a decline in soil porosity or water infiltration rates as found by others in blueberry (Cox, 2009 ) and apple (Malus domestica Borkh.; Neilsen et al., 2003) . Weed mat may also have altered nutrient availability compared with the organic mulches, affecting root or top growth. Although our goal was to maintain soil water content at a similar level among planting method and mulch treatments in our study, it is possible that slight differences in soil water content or irrigation frequency among treatments may have affected root or canopy growth (Bryla et al., 2011; Larco, 2010) . Decreased soil water infiltration rate and increased bulk density were shown in apple grown with weed mat compared with organic mulches, but these effects were not correlated with yield (Neilsen et al., 2003) .
The root-to-shoot ratio increased from an average of 0.43 in Fall 2007 to 0.50 in 2008. Others have reported a root-to-shoot ratio of 1.67 to 1.43 in 4-year-old 'Duke' (Bryla and Strik, 2007; Strik and Buller, 2005) . It is possible that root-to-shoot ratio increases from the time of planting to maturity. The root-to-shoot ratio measured in our study was slightly lower than the 0.48 to 0.83 reported for 'Bluecrop' after one growing season in conventional production (Bañ ados et al., 2012). Root-to-shoot ratio is likely affected by cultivar, particularly in young plants, as reported here. In our study, higher rates of fertilizer reduced biomass allocation to roots, decreasing root-to-shoot ratio, agreeing with what has been reported for young plants fertilized with various rates of N in a conventional production system (Bañados et al., 2012) .
The highest yields in our study were found when plants were fertilized with the lowest rate of fish emulsion in 'Duke' and with a similar trend for 'Liberty'. In other studies, the response of young blueberry plants to rate of inorganic N fertilizer has been variable. For example, Bañados et al. (2012) found that a lower rate of 50 kg · ha -1 N with conventional fertilizer produced more plant DW and yield than two higher N rates in 'Bluecrop' blueberry during the first 2 years after planting, whereas White (2006) found no effect of N fertilizer rate on yield of 'Elliott' in the third growing season. Based on our results and those reported by others using conventional fertilizers (Bañados et al., 2012; Cummings, 1978; White, 2006) , it is clear that overapplication of N fertilizer in young, fieldgrown highbush blueberry plants can reduce growth and yield.
In both cultivars, plants mulched with sawdust produced a lower yield on average than those mulched with compost + sawdust or weed mat. Interestingly, addition of compost to sawdust mulch increased shoot growth and total plant DW at the end of the first growing season, but it had no impact by the end of the second growing season. The longterm effects of compost mulch on plant and soil nutrient status need to be assessed.
Plants grown on raised beds and fertilized with the low rate of fish emulsion produced the highest yields in both cultivars when mulched with weed mat or compost + sawdust (0.56 to 0.57 kg/plant). Yield of organic rabbiteye blueberry plants (generally higher yielding than northern highbush types) grown with pine straw, weed mat, and pine bark was 0.9, 0.7, and 0.6 kg/plant, respectively, after the second growing season (Krewer et al., 2009 ). In conventional northern highbush production systems in Oregon, 'Elliott', 'Bluecrop', and 'Duke' planted at 1.2-m spacing in the row produced 0.95, 0.82, and 0.66 kg/plant, respectively, in the second growing season (Strik and Buller, 2005) . The plant yield in our study may have been lower than reported for conventional production systems in Oregon because 1) rainfall during bloom reduced percent fruit set (Strik, personal observation); 2) yield per plant was reduced at the higher planting density (0.76-m spacing) in our study as has been reported with other high-density plantings (Strik and Buller, 2005) ; and/or 3) because plants are slower to establish in organic systems. It will be important to assess the long-term impact of organic production systems on yield.
Although allocation of standing biomass to the leaves, crown, and shoots was similar to that reported by Bañados et al. (2012) for conventional 'Bluecrop' plants of the same age, plants in our study allocated less biomass to the roots, on average, likely because weed mat and the high rate of fish emulsion fertilizer increased biomass allocation to aboveground growth. The reproductive effort of these young plants, 4% to 20% of annual growth and 6% to 8% of standing biomass, was much less than the values (55% and 22%, respectively) reported for older (3+ years) wild highbush blueberry plants (Pritts and Hancock, 1985) . Reproductive effort may increase with plant age in blueberry but is also likely affected by pruning and fertilizer, neither of which was used in the wild plants.
The DW of 1-year-old shoots measured after the first growing season was positively correlated with fruit DW in the second growing season. Thus, treatments that improve early shoot growth may increase early production. After two growing seasons, shoot growth was greatest on raised beds in both cultivars; however, 'Duke' and 'Liberty' responded differently depending on the production system. For example, 'Duke' plants mulched with sawdust or compost + sawdust had the most shoot growth when fertilized with a low rate of fish emulsion, whereas 'Duke' plants mulched with weed mat had more shoot growth when fertilized with a high rate of feather meal. In 'Liberty', shoot growth was best when plants were mulched with sawdust and fertilized with a high rate of fish emulsion, but when plants were mulched with compost + sawdust, shoot growth was improved by fertilizing with a low rate of fish emulsion. However, there was relatively little impact of fertilizer source or rate when 'Liberty' plants were mulched with weed mat. Fertilizer N was more available under weed mat mulch than under sawdust (Larco, 2010) , likely affecting the blueberry plant responses to the fertilizer treatments.
In general, 'Liberty' grew faster and was more vigorous than 'Duke' in both growing seasons. 'Liberty' produced more whips/ plant than 'Duke', which is typical in commercial production systems (Strik, personal observation) . White (2006) observed that more whips were produced in young 'Elliott' plants with sawdust mulch than without it. Although there was sawdust mulch in the area around the plant crown in the weed mat treatment, whip production was still reduced, especially when plants were grown on raised beds. Soil temperature was higher under weed mat than under sawdust (Larco, 2010) , but the impact of soil temperature on whip production has not been studied to date. The effect of these treatments on long-term cane renewal is not known at this time. Sawdust vs. compost 0.8824 0.7428 0.0132 0.6532 0.0005 z Fish emulsion and feather meal were applied at a low (29 kg·ha -1 ) or high (57 kg·ha -1 ) rate. y Bold font is used to designate values with P < 0.05. will next evaluate the impacts of these treatments on soil and plant nutrient status and irrigation requirements during planting establishment. Fig. 8 . Interaction effects of bed and fertilizer (A) and cultivar, fertilizer, and mulch (B) on dry weight ratio of roots (including the crown) to shoots (woody stems) in 'Duke' and 'Liberty' blueberry after the second growing season. The plants were grown on flat and raised planting beds mulched with sawdust, compost topped with sawdust, or weed mat and were fertilized with feather meal or fish emulsion at low or high rates with 29 and 59 kg·ha -1 nitrogen (N), respectively. Mean ± SE.
